A numerical method to estimate propeller open-water characteristics based on Quasi-Continuous Method (QCM) is presented. QCM was originally developed by Lan for solving planar thin wing problems. QCM has both advantages of continuous loading method and discrete loading method ; loading distribution is assumed to be continuous in chordwise direction and stepwise constant in spanwise direction. Simplicity and flexibility of discrete loading method are also retained.
Introduction
In the design of propellers with various blade geometries such as highly skewed propellers, design charts based on methodical series tests are to be complemented by theoretical calculations for accurate estimation of propeller open-water characteristics.
Up to now, a number of methods based on propeller lifting surface theory to estimate openwater characteristics have been published. They can be classified into two groups. One group is based on the continuous loading method such as Mode Function Method (MFM)1)-8) and the other the discrete loading method such as Vortex Lattice Method (VLM)9)-11).
In MFM, loading distribution on blades is treated as continuous both in chordwise and spanwise directions and it is beneficial for the estimation of pressure distribution on blades. However, complicated singularity treatment is necessary and the accuracy is affected by the way of singularity treatment6). Further, due to the complexity in numerical calculation, its application to unconventional propellers is not easy. On the other hand, VLM has the flexibility and simplicity of calculation, and along with the development of high speed and large storage computer VLM has been widely used in the studies of propeller lifting surface theory. VLM, however, also has some room to be improved ; (1) In the neighbourhood of leading edge, vortex strength predicted by VLM is always lower compared with analytical solutions12). (2) Owing to the discrete and concentrated loading distribution, pressure distribution is not estimated straightforwardly. (3) Leading edge suction force is not estimated straightforwardly either. (4) A large number of elements are necessary to get converged solutions. Taking the above circumstances into consideration, the author initiated to develop a method to estimate propeller open-water characteristics based on Quasi-Continuous Method (QCM) originally developed by Lan for solving planar thin wing problems13). QCM has both advantages of MFM and VLM, i.e. quasi-continuous loading distribution (continuous in chordwise direction and stepwise constant in spanwise direction) is assumed, therefore it is beneficial for the estimation of pressure distribution on blades. Moreover QCM has the simplicity and flexibility of VLM and its accuracy is comparable to that of NLR method14), a most accurate method among MFM. Owing to continuous loading distribution in chordwise direction, converged solution can be obtained with a small number of control points and leading edge suction force can be calculated directly.
In the present paper, explanations are made first on the essential features of QCM for planar wings and then its application to marine propellers is described in detail. Some numerical results for variety of propellers are compared with those Nagasaki Experimental Tank, Mitsubishi Heavy Industries, Ltd.
of existing methods and experiments.
2. Characteristics of QuasiContinuous Method Detailed description of QCM was already made by Lan for planar wings13). However, for convenience, a brief explanation of the essential feature of QCM is repeated here. One of the characteristics of QCM is in the treatment of the continuous loading in chordwise direction. Since the spanwise loading distribution is assumed stepwise constant, we may explain at first the numerical procedure of the chordwise integration by the case of two-dimensional wing. The downwash integral is expressed as follows, ( 1 ) 
where N= number of chordwise integration points,
Control points, where flow tangency condition is to be satisfied, are chosen so as to eliminate the second term of Eq. (6) by using a characteristic of Chebychev polynomials as ( 8 ) where
Then the following equation is obtained (10) 
where
At the loading and control stations, chordwise loading and control points are arranged according to QCM, i.e. for loading points and for control points
where N=number of chordwise control points, Then, loading points and control points are arranged on the same fraction-chord lines respectively. We call these lines as loading lines and control lines respectively, in this paper. An example of the arrangement of loading lines and loading stations with control points is shown in Fig. 5 . Free vortices are shed only from the loading stations due to the stepwise distribution of vortices. The trailing vortex sheet (free vortex sheet in the wake) is, therefore, composed of (M+ 1) helical vortices.
3. Eq. (38) was introduced based on the preliminary calculations made on methodical series propellers. This correction factor implies some reduction in the angle of attack of relative inflow to blade section. This correction is similar to that used in the method of Kerwin and Lee9) in which the geometrical pitch angle of blade section is reduced by some amount. Further in the present paper, the components of thrust and torque resulting from the force acting on the source distribution and leading edge suction force are neglected assuming as small quantities. Therefore, the effects of these components are practically included in the correction factor Cv. As for sectional drag coefficient, the following formula was applied referring to NACA airfoil section data17), Eq. (40) was obtained from the resistance tests on a wing section with chord length of 3.5 m18). This expression is applicable to the estimation of minimum profile drag coefficient for fully turbulent flow condition. Torque coefficients calculated with Eqs. (39) and (40) were, however, a little higher than experimental data for model propellers. The discrepancy seemed to result from the fact that laminar boundary layer still remains in the case of model propellers19). Then the next formula for model propellers of ordinary size (D = 200 mm-300 mm) was introduced empirically as the minimum drag coefficient,
5. Numerical Examples 5.1 Propeller Open-Water Characteristics To evaluate the applicability of the present method, the propeller open-water characteristics were calculated for the following six propellers with variation of skew and pitch distributions , and compared with published experimental data. In these calculations, the number of control points was chosen to be 11 in radial and 8 in chordwise directions.
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Propeller Blade loadings (pressure differences between both sides of blade) are nearly equal for the both methods. In the method of equivalent two-dimensional wing the thickness of blade section is treated exactly by Moriya's conformal mapping method24). In the present method, approximate source distribution representing blade thickness is used. This difference in the treatment of blade thickness seems to result in the difference in the calculated results by these two method s. Fig. 15 shows calculated pressure distribution of the NSMB Propeller at fro=0.8 at advance coefficients 0.6 and 0.4 in comparison with the data measured at NSMB. Calculated results by Kim and Kobayashi's VLM25) are also shown in Fig. 15 . Calculation by the present method This indicates that QCM is promising for the improvement of numerical methods in propeller lifting surface theory. However, for the propellers with extremely large skew, the estimation accuracy was not so good.
The present method is still in the early stage of development and following improvements are necessary.
(1) The wake model adopted here was determined based on the preliminary calculations and its geometry is different from that of propeller slip stream actually observed. A more realistic wake model should be formulated based on the measured geometry of slipstream such as contraction, variation of pitch etc. (2) Viscous effects such as reduction in effective angle of attack and drag coefficient are to be examined theoretically. (3) Forces acting on source distribution and leading edge suction force should be properly accounted for. (4) More exact treatment of blade thickness is necessary for the improvement in the calculation accuracy of pressure distribution on blade surface. 
